The mucin 1 (MUC1) oncoprotein is aberrantly overexpressed in human breast cancers. Although MUC1 modulates the activity of estrogen receptor ␣ (ER), there is no information regarding the effects of MUC1 on global gene expression patterns and the potential role of MUC1-induced genes in predicting outcome for breast cancer patients. We have developed an experimental model of MUC1-induced transformation that has identified the activation of genes involved in cholesterol and fatty acid metabolism. A 38-gene set of experimentally derived MUC1-induced genes associated with lipid metabolism was applied to the analysis of ER ؉ breast cancer patients treated with tamoxifen. The results obtained from 2 independent databases demonstrate that patients overexpressing MUC1 and the lipid metabolic pathways are at significantly higher risk for death and recurrence/distant metastasis. By contrast, these genes were not predictive in untreated patients. Furthermore, a positive correlation was found between expression of the 38-gene set and the ER signaling pathway. These findings indicate that (i) MUC1 regulates cholesterol and fatty acid metabolism, and (ii) activation of these pathways in ER ؉ breast cancers predicts failure to tamoxifen treatment.
T
he mucin 1 (MUC1) transmembrane glycoprotein is expressed on the apical borders of normal secretory mammary epithelial cells (1) . With loss of polarity in association with transformation, MUC1 is expressed at high levels over the entire cell surface, allowing MUC1 to associate with members of the ErbB family of receptor tyrosine kinases (1, 2) . The MUC1 C-terminal subunit (MUC1-C), and specifically its 72-aa cytoplasmic domain (MUC1-CD), also interacts with diverse effectors, such as c-Src (3), ␤-catenin (3, 4) , and IKK␤/NF-B (5) , that have been linked to transformation. Other work on human breast cancer cells has demonstrated that MUC1-C accumulates in the cytosol and is transported to the nucleus (6) , where it interacts with estrogen receptor ␣ (ER) (7) . MUC1-C associates with ER complexes on estrogen-responsive promoters, increases recruitment of p160 coactivators, and antagonizes the inhibitory effects of the antiestrogen tamoxifen (7) . Tamoxifen is used as an adjuvant treatment to prevent breast cancer recurrence and as a therapy to extend the lives of patients with metastatic disease (8, 9) . Levels of ER and progesterone receptor (PR) protein expression are predictors of tamoxifen response; however, 25% of ER ϩ /PR ϩ tumors, 66% of ER ϩ /PR Ϫ tumors, and 55% of ER Ϫ /PR ϩ tumors fail tamoxifen treatment (10) . The mechanisms responsible for these treatment failures remain unclear. Here, we report that overexpression of the cytoplasmic domain of MUC1 (MUC1-CD) leads to altered expression of genes involved in cholesterol and fatty acid metabolism. These pathways are strongly associated with ER-dependent signaling and significantly predict response to tamoxifen treatment, as measured by disease-free and overall survival.
Results

MUC1 Is Associated with Alterations in Genes That Regulate Lipid
Metabolism. By using Ingenuity Pathway Analysis (IPA) to functionally classify the genes differentially expressed in MUC1-CDtransformed 3Y1 cells growing in vitro and in vivo, we identified a set of genes encoding proteins involved in cholesterol and fatty acid metabolism. As determined by Fisher's exact test, the incidence of genes involved in lipid metabolism among the differentially expressed genes was highly significant, with P values of 10 Ϫ6 and 10 Ϫ10 for cells grown in vitro and in vivo, respectively. Based on these findings, we obtained a 38-gene set that we designated the MUC1-induced lipid metabolism signature (MLMS; Table 1 ). These genes form a specific network that is largely represented by enzymes and transporters (Fig. 1) . These genes also converge on a central node that contains the gene encoding the sterol regulatory element-binding protein 1 (SREBP1; Fig. 1 and Table 1 ). SREBP1 is a potent activator of SREBP-responsive genes that control the synthesis of cholesterol, fatty acids, and triglycerides (11) . In addition, the gene encoding INSIG1, a transcriptional activator of SREBP1 (12) , was identified in the MLMS (Table 1) .
MLMS Comprises Multiple Genes Involved in Cholesterol and Fatty
Acid Metabolism. The MLMS includes the gene encoding ATP citrate lyase (ACLY), an enzyme that mediates synthesis of acetyl CoA, the common precursor for the cholesterol and fatty acid pathways (Table 1) . The differentially expressed genes also represented the biosynthesis of cholesterol and its derivatives, as well as the transport of these molecules; for example, ABCA1, APOC1, APOE, and VLDLR (Table 1 and Fig. S1 ). Other genes in the MLMS are involved in the synthesis of fatty acids (FASN) and their metabolism (ACSL1, ACLS3, and ECHDC1; Table 1 ).
MLMS Predicts Response of Human Breast Cancers to Tamoxifen
Treatment. The findings that MUC1 (i) interacts with ER, (ii) blocks the effects of tamoxifen in vitro, and (iii) regulates lipid metabolism suggested that MUC1 expression could have an effect on the response of ER ϩ breast cancers to tamoxifen treatment. In this context, we examined a database from 176 patients with ER ϩ breast tumors who were treated with tamoxifen in the adjuvant setting (13 (Fig. 2 A) . Recurrence/distant metastasis-free (disease-free) survival was significantly lower (P ϭ 0.031) in the MLMS ϩ compared with the MLMS Ϫ group (Fig. 2B ). This association between MLMS status and response to tamoxifen treatment was also confirmed by a univariate Cox proportional hazard analysis of recurrence/ distant metastasis-free survival (hazard ratio, 1.88; 95% C.I., 1.04-3.39; P ϭ 0.036). This database also includes 125 patients with ER ϩ (n ϭ 85) and ER Ϫ tumors who were not treated with tamoxifen. For these patients, recurrence/distant metastasisfree (disease-free) survival was identical (P ϭ 0.98) in the MLMS ϩ and MLMS Ϫ groups (Fig. 2C ). Overall survival is not available for this database. These findings thus indicate that MLMS ϩ status is highly predictive of the response to tamoxifen with respect to disease-free survival. Fig. 3B ). As found in the first database, the MLMS ϩ group had a highly significant (P ϭ 2.2E-7) decrease in recurrence/distant metastasis-free (diseasefree) survival compared with that for the MLMS Ϫ group (Fig.  3C) . Moreover, and notably, overall survival was significantly (P ϭ 4.0E-7) decreased for patients with MLMS ϩ tumors (Fig. Table 2) .
Confirmation of the Predictive Capability of the MLMS
We expanded this multivariate analysis by stratifying grade 3 and lymph node-positive patients by using the MLMS. For lymph node-positive patients, those expressing the MLMS had a 2.66-fold (95% C.I., 1.21-5.78; P ϭ 0.016) greater risk for disease and a 2.86-fold (95% C.I., 1.09-7.61; P ϭ 0.033) greater risk for death compared with nonexpressors. For patients with grade 3 tumors, those expressing the MLMS had a 5.40-fold (95% C.I., 1.13-20.88; P ϭ 0.037) greater risk for disease and a 5.47-fold (95% C.I., 1.16-20.11; P ϭ 0.034) greater risk for death compared with nonexpressors. Taken together with the previous data, these results confirm that MLMS status enhances the identification of patients at greater risks for disease and death.
MLMS Is Coexpressed with ER-Dependent Genes. ER protein expression is not necessarily reflective of active estrogen signaling (14) . To determine whether MLMS status is associated with ERmediated transcription, we examined both databases for activation of ER-dependent genes (15, 16 ). The results demonstrate that MLMS ϩ status correlates significantly (r Ͼ 0.97; P Ͻ 0.0001) with ER-dependent gene expression (Fig. 4) .
Discussion
The present findings provide a previously uncharacterized, biologically derived, MUC1-induced gene signature that is highly predictive of response to tamoxifen. The MUC1 oncoprotein is aberrantly overexpressed in about 90% of human breast tumors (1, 17) . MUC1 overexpression is conferred, at least in part, by up-regulation of MUC1 mRNA levels at the transcriptional level (18) (19) (20) (21) . MUC1 interacts with ER and certain other transcription factors, and thereby contributes to the regulation of gene expression (7, 22) . However, little is otherwise known about the effects of MUC1 on global gene expression patterns. Our analysis of MUC1-transformed cells demonstrated induction of the SREBP1 gene, which encodes a transcription factor involved in the activation of genes in the cholesterol and fatty acid synthetic pathways (11) . In this context, MUC1-induced transformation is associated with activation of the ACLY gene that confers the synthesis of acetyl CoA needed for both the cholesterol and fatty acid pathways. MUC1 also activated multiple The indicated model effects were used in the analysis. Age and tumor size were considered continuous variables. Grade, positive lymph node status, progesterone receptor expression, and MLMS status were considered binary variables. genes involved in cholesterol and fatty acid synthesis. Importantly, one of the genes activated by MUC1 encodes fatty acid synthase (FASN), an enzyme that is up-regulated in diverse human malignancies and has been linked to the transformed phenotype (23) . Based on these findings, we identified a 38-gene, MUC1-induced signature associated with cholesterol and fatty acid synthesis. The results demonstrate that this 38-gene MLMS is highly predictive for decreased recurrence/metastasis-free survival and overall survival in patients treated with tamoxifen.
Predictive analysis of gene expression has been used to identify signatures that are predictive of recurrence in patients with primary breast tumors treated with tamoxifen (10, (24) (25) (26) . The findings of a 2-gene signature by Ma et al. (10) have been questioned (27) (28) (29) . The study by Paik et al. (24) analyzed expression of 21 selected genes in a classifier that was predictive of recurrence and overall survival. This classifier included genes involved in proliferation and ER signaling (24) . Using a genomewide microarray analysis, Chanrion et al. (25) further identified a 36-gene classifier that was predictive of disease-free survival. Eleven genes in the 36-gene signature belong to a proliferation cluster. Moreover, 18 genes were related to ER targets or regulators of ER function (25) . This relationship between ERresponsive genes and response to tamoxifen treatment was extended in the study by Musgrove et al. (26) . Importantly, the MLMS identified in the present work is distinct from those reported previously (24) (25) (26) . In this regard, the MLMS represents genes involved in lipid metabolism. Nonetheless, the finding that MLMS ϩ status is associated with activation of ER-dependent genes indicates that the MLMS genes may function as upstream regulators of the ER response.
Our findings also differ from many of the empirically derived gene signatures in that the present stratification is based on biologically identified lipid pathways associated with MUC1-induced transformation. Using the same approaches, we found that activation of a STAT1-dependent pathway mediates resistance to radiation treatment and predicts response to adjuvant chemotherapy and radiation in breast cancer patients (30) (31) (32) . Thus, these approaches have allowed the identification of biologically relevant and differentially expressed pathways in experimental models. This ''bottom-up'' approach has been defined in the literature, but to date has resulted in the identification of a limited number of signatures (30, (33) (34) (35) (36) . The ability to stratify databases based on known pathways can provide new insights into the development of tumors and the identification of potential therapeutic targets. In this regard, the present findings indicate that targeting of the MUC1 protein could be an effective strategy for attenuating activation of the cholesterol and fatty acid synthetic pathways and for blocking resistance to tamoxifen treatment of breast cancers.
Materials and Methods
Cell Culture and Tumor Models. Rat 3Y1 embryonic fibroblasts were stably transfected with an empty vector (3Y1/Vector) or one expressing the cytoplasmic domain of MUC1 (3Y1/MUC1-CD) and maintained as described previously (4). Cells were injected s.c. into the hind limbs of female athymic mice (FCRI-Taconic) in increasing concentrations from 10 2 to 10 7 cells in 100 L of PBS per mouse. Ten mice were injected at each cell concentration. Tumor volume was determined by direct measurement with calipers and calculated by using the formula (length ϫ width ϫ depth/2). When the tumor volume was greater than or equal to 2,000 mm 3 , mice were euthanized by using CO2 followed by cervical dislocation. Tumors were excised, snap-frozen in liquid nitrogen, and stored at Ϫ80°C until RNA extraction. All animal experiments were conducted in accordance with institutional guidelines at The University of Chicago.
Statistical Analysis of DNA Microarrays. RNA was purified and hybridized with GeneChip Rat Genome 230 2.0 Arrays (Affymetrix) as described previously (37) . The selection and analysis of genes differentially expressed in 3Y1/Vector and 3Y1/MUC1-CD cells in vitro and 3Y1/MUC1-CD xenografts were based on previously detailed approaches (30, (37) (38) (39) . Briefly, each array was hybridized with a pooled sample normalized to total RNA and consisting of RNA obtained from 3 independent xenografts or cell lines. After data retrieval and scaling by using MAS 5.0 suit (Affymetrix), data were rescaled by using ''global median normalization'' across the entire dataset (37) and filtrated by using a multistep filtration method that involves the application of receiver-operating characteristic analysis (ROC analysis) for the estimation of cutoff signal intensity values (39) . Subsequent analysis was based on pairwise comparisons (3Y1/ Vector in vitro vs. 3Y1/MUC1-CD in vitro and 3Y1/MUC1-CD in vitro vs. 3Y1/ MUC1-CD in vivo) of duplicated arrays by using significance analysis of microarrays (SAM; ref. 40) version 3.0. Differentially expressed probe set IDs were selected by using a 2.0-fold induction cutoff level with a false-discovery ratio of 0. Selected probe set IDs were gene annotated and functionally designated by using IPA (Ingenuity Systems Inc.). Fisher's exact test was used to estimate the significance of the incidence of different functional groups. This method estimates the probability that the association between an experimental and reference gene set is due to random chance. A P value Յ0.05 is considered significant and indicates a nonrandom enrichment of an experimental dataset by members of a specific functional group. Microarray data have been deposited in GEO (accession number GSE14337).
Statistical Analysis of Breast Cancer Databases.
We analyzed 2 publicly available databases containing expressional data from breast cancer (13, 25, 41) to determine whether the MUC1-induced gene set is predictive in determining response to tamoxifen treatment. Statistical analyses were performed by using samples for which survival data were available, which included 301 cases (13, 41) and 147 cases (25) . All statistical analyses were performed by using JMP 7.1 (SAS Institute Inc.). The raw signal intensity for each probe set ID of interest for each patient was normalized to the median value of the probe set ID across the entire database and subsequently log 2-transformed. Multiple probe set IDs for a given gene were averaged for each patient sample to obtain a representative expression value for each gene. Expression data were clustered by using hierarchical clustering via Ward's method. The k-means clustering was performed to partition the patient samples into 2 clusters, and principal component analysis was used to visualize these clusters. To identify the genes that were differentially expressed between the 2 patient clusters, we first used F tests to test the null hypothesis of equal variance for each gene between the 2 patient clusters. We entered the result of the F test (equal or unequal variance) into an unpaired 2-tailed Student's t test to test the null hypothesis of equal magnitude of gene expression of each gene between the 2 patient clusters. The ␣ level for each t test was 0.05; however, we corrected for multiple comparisons by using a Bonferroni correction that adjusted the ␣ level to 0.05 divided by the number of comparisons of interest. Gene expression scores for the MUC1-induced lipid metabolism signature (denoted MLMS score) and ER-dependent signature (denoted ER score) were determined for each patient sample by calculating the average log 2 level of expression across all differentially expressed genes in the respective gene set. A cutoff score of 0.58 (1.5-fold relative expression) was used to indicate overexpression of the respective gene set. To determine whether clustering based on the differential expression of the MUC1-induced genes could identify patients with decreased survival, we performed Kaplan-Meier survival statistics. Survival analysis was performed on clusters defined by k-means clustering, and log-rank tests were used to test the null hypothesis of no difference in survival functions between the 2 patient clusters. 
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